Abstract Reactions of NaSCPh 3 with (R 3 tacn)Cu(OTf) 2 (R is Me, iPr; tacn is 1,4,7-triazacyclononane; OTf is CF 3 SO 3 -) yield blue complexes identified as ((R 3 tacn) CuSCPh 3 )(OTf) on the basis of UV-vis, resonance Raman, and electron paramagnetic resonance (EPR) spectroscopy and electrospray ionization mass spectrometry. These complexes exhibit spectroscopic properties typical of type 1 copper sites in proteins, including diagnostic Sp ? Cuðd x 2 Ày 2 Þ ligand-to-metal charge transfer transitions at approximately 610-630 nm and small A || values in EPR spectra of less than 100 9 10 -4 cm -1
Introduction
Type 1 copper sites (e.g., in cupredoxins) play a central role in biological electron transfer [1] and exhibit unusual active site structural and spectroscopic properties [2] [3] [4] [5] . As a result, efforts to understand structure/function relationships in such sites have been extensive, and have led to detailed knowledge of type 1 copper active site electronic structures and the factors that underlie their widely differing redox potentials (for a recent, lead reference, see [6] ). Studies of synthetic models of the type 1 copper active sites have been informative [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , in particular for obtaining insights into the nature of the strong, highly covalent Cu(II)-thiolate interaction that is responsible for the distinct absorption feature [approximately 600 nm, Sp ? Cuðd x 2 Ày 2 Þ ligand-to-metal charge transfer] and small copper hyperfine coupling (A || * 60 9 10 -4 -70 9 10 -4 cm -1 ) in the respective UV-vis and electron paramagnetic resonance (EPR) spectra of these sites. The few synthetic model complexes that exhibit these key features are shown in Fig. 1 [7, 9, 13, 14] . All contain sterically hindered, monoanionic supporting nitrogendonor ligands that yield neutral Cu(II)-SR complexes with biologically relevant distorted tetrahedral or trigonal planar (nontetragonal) geometries.
Notwithstanding their structural and spectroscopic similarities to the biosites, 1-3 (see Fig. 1 ) exhibit Cu(II)/ Cu(I) redox potentials that are disappointingly low compared with those of the type 1 proteins, with the exception of 1 (R is C 6 F 5 ), which features a poorly electron donating thiolate donor (Table 1) . We hypothesize that the low potentials arise primarily from stabilization of the Cu(II) center by the monoanionic supporting ligands. In addition, the overall neutral charge of the oxidized complexes is favored in the relatively nonpolar organic solvents used in the electrochemistry experiments. Accordingly, by using neutral nitrogen-donor supporting ligands that would yield cationic Cu(II)-SR species, one could potentially obtain model complexes that exhibit increased, more biologically relevant redox potentials. On the other hand, such a strategy would also exacerbate problems often encountered in attempts to synthesize Cu(II)-SR complexes that involve the formation of Cu(I) complexes and RSSR from reactions of Cu(II) precursors with thiolates [17] . NHE normal hydrogen electrode, NA not applicable, tacn 1,4,7-triazacyclononane, OTf CF 3 SO 3 -a All conversions between units required to report the data versus NHE were performed using [18] and/or http://www.consultrsr.com/resources b From Alcaligenes denitrificans [19] c Multiple features observed in the resonance Raman spectrum due to kinematic coupling with a Cys residue d From Rhus vernicifera e From [20] f Rhombic electron paramagnetic resonance (EPR) spectrum g For cucumber stellacyanin [21] h From [15] i Reported as -540 mV versus Ag wire at 253 K in CH 2 Cl 2 [7] j From [11] [7, 9, 13, 14] Herein we report the successful preparation of thermally unstable cationic LCuSR ? complexes supported by trialkyl-substituted 1,4,7-triazacyclononane (tacn) species (L is Me 3 tacn or iPr 3 tacn). These compounds exhibit key spectroscopic characteristics akin to those exhibited by type 1 active sites and 1-3. In addition, the complexes exhibit Cu(II)/Cu(I) redox potentials approximately 0.5 V higher than those reported for 1-3 (R is CPh 3 ) and similar to values reported for several type 1 copper centers. These new complexes thus exhibit both essential spectroscopic signatures and accurate functional characteristics of the type 1 copper biosites.
Materials and methods

General considerations
All solvents and reagents were obtained from commercial sources and used as received unless otherwise noted. The solvents dichloromethane, acetonitrile, pentane, and Et 2 O were dried over CaH 2 and distilled under a vacuum or passed through solvent purification columns (Glass Contour, Laguna, CA, USA). Tetrahydrofuran (THF) was dried over sodium/benzophenone and distilled under a vacuum, and the d 8 -THF and CD 2 Cl 2 used in NMR measurements were degassed by the freeze-pump-thaw technique. NaSCPh 3 was prepared according to published procedures and recrystallized from Et 2 O at 253 K [13] . The copper(II) complex (iPr 3 tacn)Cu(OTf) 2 (OTf is CF 3 SO 3 -) was prepared according to published procedures [22] [23] [24] . All copper complexes were prepared and stored in a Vacuum Atmospheres glove box under dry nitrogen. NMR spectra were recorded with a Varian VI-300 spectrometer. Chemical shifts (d) were referenced to residual solvent signal and integrated intensities were compared with the intensity of 1,3,5-trimethoxybenzene added as an internal standard. UV-vis spectra were recorded with a Hewlett-Packard 8453 (190-1,100 nm) diode-array spectrophotometer. Low-temperature UV-vis experiments were performed using a Unisoku low-temperature UV-vis cell holder. Elemental analyses were performed by Atlantic Microlab (Norcross, GA, USA). Electrospray ionization (ESI) mass spectra were recorded with a Bruker BioTOF II instrument; the blue THF product solutions for the reactions of Cu(II) complexes with NaSCPh 3 (see later) were quickly transferred using a precooled (dry ice) syringe under protection of argon at 193 K and injected into the inlet tube. IR spectra were obtained using a Thermo Nicolet Avatar 370 Fourier transform (FT) IR instrument. Resonance Raman spectra were collected with an Acton 506 spectrometer using a Princeton Instruments LN/CCD-11100-PB/UBAR detector and ST-1385 controller interfaced with the program Winspec. The spectra were obtained at 77 K using a backscattering geometry. Excitation at 568.2 nm was provided by a Spectra-Physics BeamLok 2060-KR-V krypton ion laser. Raman shifts were externally referenced to liquid indene and internally referenced to solvent (THF). X-band EPR spectra were recorded with a Bruker E-500 spectrometer with an Oxford Instruments EPR-10 liquidhelium cryostat (4-20 K, 9.61 GHz). Simulations were performed using Bruker SimFonia (version 1.25). Electrochemical experiments were performed under argon using a three-chamber cell with platinum working and auxiliary electrodes, an Ag/AgNO 3 (10 mM The following is an illustrative procedure. In an inert atmosphere, solutions of (Me 3 tacn)Cu(OTf) 2 (21 mg, 0.039 mmol) in 1 mL THF and NaSCPh 3 (12.4 mg, 0.039 mmol) in 1 mL THF were loaded into two separate Schlenk tubes, the tubes were sealed with septa, and were cooled to 193 K in a dry ice/acetone bath under positive argon pressure. The NaSCPh 3 solution was then quickly transferred to the stirred (Me 3 tacn)Cu(OTf) 2 solution under argon by a cannula, causing instant formation of a clear, deep-blue solution (Fig. S1 ). The solution was stirred for 30 min prior to subsequent characterization/experiments (EPR, resonance Raman, UV-vis, cyclic voltammetry, ESI-MS). To identify the product of decomposition, after the solution had been warmed to room temperature, the solvent was removed under a vacuum and the resulting residues were washed with aqueous ammonia (approximately 5 mL), the aqueous layers were extracted with CH 2 Cl 2 (3 9 5 mL), and the extracts were dried with Na 2 SO 4 . After filtration and removal of solvent from the filtrate, the residue was analyzed by 1 H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard, which showed the presence of Ph 3 CSSCPh 3 in 84% (R is Me) and 79% (R is iPr) yields, respectively [25] .
Cyclic voltammetry
In a typical procedure, solutions of (R 3 tacn)Cu(OTf) 2 (R is Me or iPr) (10 mM) in 0.5 mL THF and NaSCPh 3 (10 mM) in 0.5 mL THF were cooled to 193 K under argon in septum-sealed Schlenk tubes. The NaSCPh 3 solution was transferred into the solution of (R 3 tacn)-Cu(OTf) 2 under argon using a cannula. The resulting clear blue solution was stirred for 30 min and then quickly transferred into a three-chamber cell loaded with 0.5 M Bu 4 NPF 6 solution in 4 mL THF, which was precooled in an ice bath (273 K) under argon. Measurements were taken under positive argon pressure after the mixture had been stirred for approximately 1 min at 273 K.
Results and discussion
Reaction of (R 3 tacn)Cu(OTf) 2 with NaSCPh 3 in THF at 193 K resulted in the immediate development of a deep blue color (Fig. S1 ) and new features in UV-vis spectra (R is iPr 3 tacn, Fig. 2 ; R is Me, Fig. S2 ). The blue solutions exhibit similar UV-vis absorptions with k max 609 nm/740 (sh) nm (R is Me) or 630 nm/780 (sh) nm (R is iPr). For the system with R is iPr, these features remained unperturbed at 193 K for several hours, but decayed within 30 min at 273 K. Decreased stability was observed for R is Me; the absorption features decayed within 1 h at 193 K, 30 min at 233 K, and approximately 10 min at 273 K. We surmise that decay involves formation of Cu(I) species and Ph 3 CSSCPh 3 , of which the latter was identified in 84% (R is Me) and 79% (R is iPr) yields by 1 H NMR spectroscopy on the residues remaining after warming to room temperature.
The absorption wavelengths for the blue product solutions are similar to those reported for type 1 copper sites and complex 1 (R is CPh 3 ) (Table 1) , although their extinctions are low. By analogy to published assignments [4, 5, 11, 15] , we attribute the absorptions to Sp ? Cuðd x 2 Ày 2 Þ ligand-tometal charge transfer transitions and Cu d-d transitions, respectively, and hypothesize that their low extinctions are at least partially due to incomplete formation of the product chromophore resulting from some reduction to Cu(I) species and Ph 3 CSSCPh 3 . In support of this hypothesis, EPR integration data indicate approximately 75% yield of Cu(II) products (see below). In addition, peaks are present in the diamagnetic region of 1 H NMR spectra (193 K, d 8 -THF) attributable to (R 3 tacn)Cu(I) and Ph 3 CSSCPh 3 , although we have not been able to unambiguously assign all of the features observed. We conclude that the extinctions reported in Table 1 are likely underestimates; assuming approximately 75% yield, we calculate values for the features at 609 and 630 nm of 2,200 and 2,000 M -1 cm -1 , respectively. To further probe the ligand-to-metal charge transfer assignment for the 609-and 630-nm bands and obtain structural information for the blue species, resonance Raman spectroscopy experiments were conducted. Using k ex = 568 nm on frozen solutions of the blue species (THF, 77 K), we observed peaks at 428 cm -1 (R is iPr) or 426 cm -1 (R is Me) (insets in Figs. 2, S2 ). On the basis of their similarities to peaks reported for type 1 copper proteins and 1-3, and with the caveat that we lack data for isotope-substituted samples, these features may be attributed to m(Cu-S) vibrational modes.
X-band EPR spectra and simulations of the signals observed for the product solutions (THF, 2 K) are shown in Fig. 3 . Integrations of these signals relative to an external Cu(II) standard indicated 75 and 77% yields from the R is Me and R is iPr starting materials, respectively; as mentioned above, this incomplete conversion likely arises from some reduction of Cu(II) by thiolate to yield Ph 3 CSSCPh 3 (there is no evidence for the presence of the starting complexes) [26] . The complexes with R is Me and R is iPr both exhibit axial Cu(II) signals, but with significantly different g || and A || values (see the caption to Fig. 3) . The small values of both parameters for the species with R is iPr match well with those observed for oxidized type 1 copper sites and Cu(II) models 1-3, and are key characteristics of three-or four-coordinate Cu(II)-thiolate sites with highly covalent Cu-S bonding [4, 15, 16] . The larger values for the species with R is Me are more consistent with a tetragonal Cu(II) center with reduced Cu-S covalency, like in ''red'' copper proteins that contain five-coordinate Cu(II)-thiolate centers (cf. g z = 2.245, A || = 140 9 10 -4 cm -1 for nitrosocyanin [27, 28] ). Additional low intensity at low g values (indicated by asterisks in Fig. 3 , not simulated) suggests the presence of a small amount of an additional Cu(II) species. We postulate that for the system with the less sterically hindered Me 3 tacn ligand, binding of the OTf -counterion to yield a five-coordinate Cu(II) site occurs upon freezing the solution; binding of solvent to other type 1 model complexes to yield fivecoordinate sites has been reported [7, 8] . Consistent with this hypothesis of a reversible structural change upon freezing, we noticed that the color of the solution changed upon freezing in liquid N 2 from blue to green, and that this color change was reversed upon warming back to 193 K (Fig. S1 ). No such color changes were observed for the iPr 3 tacn system, where the greater steric bulk of the ligand substituents apparently inhibits OTf -binding. To test these ideas, we turned to a more poorly coordinating counterion, SbF 6 -, by preparing the new complexes ((R 3 tacn)Cu(CH 3 CN) 2 )(SbF 6 ) 2 and treating these species with NaSCPh 3 in THF at 193 K. UV-vis spectra of the resulting blue solutions were identical to those observed for the species with OTf -counterions, and the EPR spectra for R is iPr 3 tacn were closely similar for both OTf -and SbF 6 -counterions ( Fig. S3 ; parameters for the latter are g || = 2.19, g \ = 2.07, A || = 84 9 10 -4 cm -1 ). Importantly, for R is Me, the EPR spectra for the species with OTf -and SbF 6 -counterions are quite different, with the spectrum for the latter having small values of g || = 2.24 and A || = 94 9 10 -4 cm -1 (Fig. S3 ). In addition, for the SbF 6 -species, the blue color of the solution remains essentially unchanged upon freezing. These results support the notion that coordination of the counterion to yield a five-coordinate Cu(II) center occurs for the R is Me system upon freezing for OTf -, but for SbF 6 -such binding does not occur and a geometry is adopted that is similar to that seen for both counterions for R is iPr.
The positive ion ESI mass spectrum of the blue solution for R is iPr contains a major peak envelope with an isotope pattern that matches the formula C 34 H 48 CuN 3 S, corresponding to (iPr 3 tacn)Cu II (SCPh 3 )
? (Fig. S4) . A similar peak envelope and assignment is seen for the case of R is Me at m/z 509, but this is a minor peak in the spectrum. The major peaks occur at higher m/z * 1,083 and 917, and are best modeled as ½ðMe 3 Cu 2 F 9 N 6 O 9 S 3 Þ; respectively (Fig. S5) . Clearly, decomposition occurs during the course of the ESI-MS experiment for R is Me, consistent with the aforementioned instability for this system in solution.
Taken together, the UV-vis, resonance Raman, EPR and ESI-MS data support formulation of the blue species for R is iPr as 4 (Fig. 4) . The absorption, resonance Raman, and EPR features are closely similar to those of type 1 copper proteins and complex 1, and support similarly strong, highly covalent Cu(II)-thiolate bonding in a fourcoordinate geometry. The situation for R is Me is more complicated. The similarity of the UV-vis data for this system with those for R is iPr supports analogous formulation 5 (Fig. 4) , but the EPR data and associated color changes upon freezing of the solutions suggest equilibration between 5 and five-coordinate 6 (Fig. 4) for X is OTf -. The R is Me system is also less stable in solution, as indicated by decay of the UV-vis absorption peaks and the higher nuclearity species seen in the ESI mass spectrum.
Cyclic voltammograms were obtained for the blue products at 273 K by generating the solutions at 193 K and then adding them to a precooled (273 K) solution of electrolyte (Bu 4 NPF 6 ) and waiting a short time (1 min) for temperature equilibration before making measurements. Data were acquired in both THF and CH 2 Cl 2 in order to best draw comparisons with literature data for complexes 1-3 [7, 13, 14] . For R is iPr (Fig. 5) , an electrochemically quasi-reversible (DE pc,pa * 90 mV at 20 mV/s) and chemically reversible (i pa /i pc * 1) wave was observed with E 1/2 = -458 mV versus Fc/Fc ? in CH 2 Cl 2 at 273 K (0.4 M Bu 4 NPF 6 ). 1 In THF, E 1/2 = -487 mV versus Fc/ Fc ? , although poorer behavior was observed in this solvent (larger DE pc,pa , more hysteresis; Fig. S6 ). For R is Me, irreversibility is indicated by i pa = i pc , so only approximate E 1/2 values of -430 mV (CH 2 Cl 2 ) or -500 mV (THF) versus Fc/Fc ? can be extracted from the data (Fig. S6) . To facilitate comparisons, the E 1/2 values are presented versus NHE in Table 1 . The E 1/2 values for 4 and 5 are significantly more positive than those reported for 1-3 (R is CPh 3 ) [7, 13, 14] . Notably, the value for 4 is almost 0.6 V greater than that for 1 (R is CPh 3 ) in CH 2 Cl 2 and almost 0.5 V greater than that for 2 in THF. Moreover, the E 1/2 values for 4 and 5 are similar to those seen in ''lowpotential'' type 1 copper sites such as azurin and stellacyanin [19, 21] . We surmise that the increased potentials relative to 1-3 (R is CPh 3 ) are due to an electrostatic effect arising because 4 and 5 contain neutral ligands, just like the biosites, and are thus monocations, rendering reduction more favorable, whereas 1-3 (R is CPh 3 ) contain monoanionic ligands and are thus neutral, making reduction less favorable.
Conclusions
The reactions of NaSCPh 3 with (R 3 tacn)Cu(OTf) 2 yield blue solutions, which for R is iPr contain the four-coordinate Cu(II)-thiolate complex 4 on the basis of UV-vis, resonance Raman, and EPR spectroscopy and ESI-MS. A similar complex 5 was identified for R is Me, but it is less stable and upon freezing of the solutions binds the counterion to form a five-coordinate tetragonal species tentatively formulated as 6 (Fig. 4) . The spectroscopic data for 4 and 5 are in good agreement with those for type 1 copper proteins [4, 5] and previously reported models 1-3 [7, [13] [14] [15] [16] , supporting similarly strong and covalent Cu(II)-thiolate bonding interactions. On the other hand, the Cu(II)/ Cu(I) redox potentials for 4 and 5 are approximately 0.5 V higher than for 1-3 (R is CPh 3 ) [7, 13, 14] , and fall within the range exhibited by type 1 copper proteins [3] . Complexes 4 and 5 thus represent unique model compounds that replicate key aspects of both the structure and the function of type 1 copper proteins [3] .
